Transcranial Direct Current Stimulation (tDCS) dose designs are often based on computational Finite Element Method (FEM) forward modeling studies. These FEM models educate researchers about the resulting current flow (intensity and pattern) and so the resulting neurophysiological and behavioral changes based on tDCS dose (mA), resistivity of head tissues (e.g. skin, skull, CSF, brain), and head anatomy. Moreover, model support optimization of montage to target specific brain regions. Computational models are thus an ancillary tool used to inform the design, set-up and programming of tDCS devices, and investigate the role of parameters such as electrode assembly, current directionality, and polarity of tDCS in optimizing therapeutic interventions. Computational FEM modeling pipeline of tDCS initiates with segmentation of an exemplary magnetic resonance imaging (MRI) scan of a template head into multiple tissue compartments to develop a higher resolution (< 1 mm) MRI derived FEM model using Simpleware ScanIP. Next, electrode assembly (anode and cathode of variant dimension) is positioned over the brain target and meshed at different mesh densities. Finally, a volumetric mesh of the head with electrodes is imported in COMSOL and a quasistatic approximation (stead-state solution method) is implemented with boundary conditions such as inward normal current density (anode), ground (cathode), and electrically insulating remaining boundaries. A successfully solved FEM model is used to visualize the model prediction via different plots (streamlines, volume plot, arrow plot).
Introduction
Transcranial Direct Current Stimulation (tDCS) is considered a safe, portable, low cost, easyto-use neuromodulatory technique that involves non-invasive delivery of weak direct current (typically 1 to 2.5 mA) to the brain. The resulting brain electric field (EF) modulates ongoing brain activity [1] , influence synaptic efficacy [2] , and produces plastic changes in excitability [3] and behavior [4] . Clinically applied tDCS protocols are generally designed and optimized in Finite Element Method (FEM) forward models [5] - [8] . Classical FEM forward models were developed for concentric spheres with biophysical volume conductor physics to examine the role of various dosage configurations [9] . tDCS dose is defined by electrode montage and current, while the resulting brain current flow is more complex and varies across individuals.
Therefore, more recent forward models incorporated subject specific cephalic geometries, derived from Magnetic Resonance Imaging (MRI), to represent the human anatomy more accurately [10] with gyri/sulci precise resolution [5] depicting physiological detail in tissue micro-architecture through anisotropic tissue conductivities.
High resolution MRI-derived human head models are derived and segmented into tissue compartments with specific electrical properties. Electric current physics are applied to the volume conductor to investigate cortical EF distributions important in generating patient specific therapy protocols. This tutorial illustrates the pipeline of anatomically precise (voxel size of 1 x 1 x 1 mm) FEM forward modeling for individualized tDCS therapy dose design ( Fig.1) . Specifically, the guidelines include from data acquisition to solution generation in following steps: 1) Automated MRI scan segmentation; 2) Manual correction for tissue mask generation; 3) Electrode placement; 4) FEM mesh generation; and 4) Numerical FEM computation. The steps will be applied with tools such as Simpleware ScanIP (Synopsys, CA, USA) and COMSOL Multiphysics 5.1 (COMSOL Inc., MA, USA). 
Materials and Methods

MRI Segmentation (Automatic and Manual)
High-resolution T1-weighted magnetization prepared rapid gradient echo (MPRAGE) MRI scans from a 3-T Philips Achieva scanner (Philips Medical Systems, Best, The Netherlands) equipped with a Synergy-L Sensitivity Encoding (SENSE) head coil was performed on a healthy, neurological normal subject. Acquisition parameters were: TE = 3.2 ms; TR = 6.92 ms; flip angle = 8°; FOV = 256 mm; resolution = 256 x 256; slice thickness = 1 mm; no gap; and voxel size of 1 x 1 x 1 mm. The raw image data was then bias corrected and segmented into seven non-overlapping tissue compartments with an automated probabilistic segmentation routine from Statistical Parametric Mapping (SPM8, Welcome Trust Centre for Neuroimaging, London, UK). Additionally, an in-house MATLAB script (code available at: https://www.neuralengr.org/resources/) used to correct for automated segmentation errors [10] .
The segmentation for current flow models of the head have several assumptions: continuity within tissues (laminar structure of skin, skull, CSF, grey matter) and continuity between tissues (i.e. no empty voxels). Manual segmentation enforces these assumptions and adds detail where the automated is insufficient. Typically, this occurs in bone due to its intricacy and lack of contrast within MRI scans. The folding of the cortex is often lost due to intricacy as well. With voxel-based segmentation, aliasing is a common problem within thin dynamic structures such as CSF and the sulci.
The output of the automated segmentation algorithm should start without overlap and without empty voxels. "Subtraction of masks on all slices" can remove overlapping tissues quickly if tissues priority is known. However, filling empty voxels is usually a messier process requiring multiple operations. To avoid empty voxels manual segmentation should aim to be zero sum, i.e. erasing any internal tissues should be followed by immediate filling with other tissues. To start, the segmentation should be rendered for an initial impression. Typically, manual segmentation can be divided into two primary steps: construction and detailing. Based on the initial rendering a decision can be made how much segmentation needs to be done. For noisy or irregular scans whole tissues may need to be reconstructed, which entails progressing slice-by-slice and tissue-by-tissue to trace or draw whole objects. Detailing is correcting holes, errors in continuity, and smoothing; which is independent of the bulk anatomical structure.
To reconstruct a complete head with little or no automated segmentation we work in layers.
Working one tissue at a time allows completed tissues to act as stencils for neighboring tissues. Typically, we start with skull and move inward. The paint tool found under Image processing tab allows for tissue/material masks to be directly drawn on an image slice.
Settings are available for brush shape and size as well as options for painting on 'Active slice', 'Selection', or 'All slices'. Under most circumstances 'Active slice' should be selected.
This restricts paint operations to the single active image slice rather than the entire volume.
Left mouse bottom can be used to trace tissue of interest by navigating slice-by-slice with the paint tool. Right mouse button can be used to erase. If erasing, be aware that a void will be left behind within the head that needs to be filled. To streamline erasing and filling, it is often easier to work on a single boundary with a binary decision (i.e. the boundary of skull and skin or CSF and grey matter). Initially applying the union operation on skin with skull over all slices will allow skin to immediately fill any voids caused by erasing skull. Priority will be given to skull wherever the two tissues overlap, and skin will be subtracted from skull upon the completion of skull segmentation.
Whenever the identity of a tissue is unclear refer to an atlas or previously segmented models for reference. If the boundaries are not clear in a particular image, try to identify the tissue in subsequent slices and work back slice-by-slice to the problem area. The other orthogonal planes allow alternative views as well.
Because these scans are high resolution (1mm 3 voxels), the segmentation should change only gradually between images. Shapes will have a spatial rate of change between slices that is typically conserved well beyond a single 1 mm thick slice. Sudden changes in segmentation between slices will lead to discontinuities and rough edges out of plane.
Checking and/or correcting manually segmented tissues in the other orthogonal planes can help smooth shapes in three dimensions. The exception is when an object surface is in plane with the image orientation (i.e. occipital cortex in the coronal plane or cingulate gyrus in the sagittal plane). This can be leveraged whenever the segmentation is generally clean (i.e. little speckled noise within tissues and tissues are corregistered to the scan), but additional detail on a surface such as cortex or the skull needs to be quickly segmented. Segmenting surfaces in plane will reduce the number of slices needed to correct that surface and will in turn reduce the possibility of out of plane errors. For example, the temporal bone on the sides of the head are primarily in the sagittal plane. Manually segmenting the temporal bone in the sagittal plane will be faster than segmenting in the coronal plane -the former can be completed in roughly 20 slices of 1mm thickness, while the later spans over 100 slices.
After reconstructing the skull, the completed skull mask can be treated as a ground truth for subsequent operations. For example, the outer surface of CSF shares a boundary with skull.
CSF can be quickly segmented while overlapping with skull, and then subtracted from skull to generate the exterior of CSF. CSF, in turn, forms the external boundary of grey matter.
Segmenting CSF can be thought of as segmenting the grey matter surface. The segmentation of CSF is similar to that of skull, though, in some circumstances image contrast may allow for flood-filling of sulci when a clear distinction with grey matter is present (T2 sequence MRI's in particular). The flood-fill operation fills areas within an image intensity range which is user defined. The specific range will vary between scans and within a scan itself, but generally T2 scans will have much brighter CSF than the surrounding skull and grey matter.
With the overall anatomy of the head segmented, a final "Detailing" check should be performed. Laminar tissues such as skin, skull, CSF, and grey matter should be rendered to check for errors in continuity, i.e. holes. Clicking on the 3-D view window, hovering over a point of interest (typically near a hole), and pressing the 'p' key on the keyboard will reposition the 2-D views to the point of interest. This procedure can be used to find isolated holes within a tissue. Holes are often clustered together, so a slice-by-slice analysis of the region is suggested. Breaks in continuity can be seen in 2-D as any point a laminar mask is not connected pixel side to pixel side. Note, that 3-D surfaces can have discontinuities out of view plane whenever continuous 2-D image slices are misaligned. This is easiest to spot by viewing all orthogonal views.
Other morphological filters such as the 'close filter' and 'recursive Gaussian smoothing filter' can be used in finishing segmentation. The close filter will collapse gaps within a mask.
Generally, this is used on the air mask to reduce noise within the sinus cavities. 2. Filling a gap or deleting a non-uniformity in any particular slice range can be performed by using a paint tool (most commonly used tool) found under segmentation.
First step in using this paint tool is to specify the range of slices, and then appropriate brush type (square or disk) and size can be chosen to paint over the range of slices.
Go to Image Processing
Select Paint Choose Shape and size of the brush 
FEM Generation
The FEM model implementation requires a three-dimensional (3D) volume mesh. Thus, the imported electrode montage and each of the eight segmented tissue compartments, including the lDLPFC as neuronal target, need to be meshed. Therefore, a total of 12 volumetric subdomains consisting of approximately 10 x 10 6 tetrahedral elements ( Fig. 4 ) will be generated for later numerical computation. Simpleware ScanIP will be used to apply a Delaunay Triangulation Function with an adaptive (FE-Free) meshing algorithm.
1. The most detailed geometries need to be meshed first to maintain realistic tissue architecture without losing detail through smoothing operations. The adaptive mesh algorithm will be applied to the mask in the following order: skull, air, skin/scalp, fat, CSF, DLPFC, gray matter, white matter, and sponge-. Therefore, the existing masks need to be arranged according to that hierarchy. 
FEM Computational Model and Solution Method
A 3D volume conductor model for electric currents with a stationary (steady-state) study type will be implemented using COMSOL Multiphysics 5.1. Subsequently, the generated mesh will be opened to assign isotropic tissue properties to each geometric entity (sub-domain), boundary conditions will be applied to the anode, cathode, and remaining external boundaries, and finally computed to predict the current flow. ). However, boundary conditions for anode and cathode must be selected manually. Resulting peak intensities are depicted adjacent to each plot.
I. Anode boundary condition
Right-click Electric Currents (ec)
Discussion
Computational FEM modeling studies are used to systematically optimize tDCS for clinical trials, experiments in cognitive function and/or therapy. A good understanding of the state-ofthe-art modeling methods is needed for precise models to provide meaningful current-flow predictions. Our goal was to document and explain a widely used forward modeling technique while applying commonly used software packages to make the work-flow more broadly available. Here, we implemented an exemplary bicephalic sponge-pad head montage (F3 anode -F4 cathode) used for a common neuronal target (lDLPFC) to illustrate the necessary steps to predict current flow in the brain.
Forward modeling results are generally interpreted under the quasi-uniform assumption [11] , however, note that the prediction of the clinical efficacy requires profound knowledge of the underlying brain functions. Furthermore, neuromodulation using tDCS requires additional therapy such as training to achieve optimal treatment outcomes. Computational modelling is the framework to rationally organize empirical data, formulate quantitative hypothesis, and test new interventions. Developing computational models requires the right balance of detailed multiscale model with appropriate reductionism [12] - [16] . A central motivation for modeling is that the interventional parameter space (dose, timing, task, inclusion citation, etc.) is too wide, given the cost and risk of human trials, for "blind" empirical optimization. Computational model is thus necessary for rational optimization of neuromodulation protocols [17] , [18] . At early stages, such effort must be highly experimental data constrained [12] , [19] and typically constrained to a limited range of dose settings. Computational FEM modeling is also the bridge by which data from animal studies can be rationally incorporated into models for interventions.
Computational models of current flow during tDCS in human models inform how the quasiuniform assumption must be applied to support meaningful translational research. This assumption is based on a proportional relationship between neuronal excitation and the local electric field magnitude [20] - [23] . Certainly, the quasi-uniform electric field/current density representation is only an approximation for predicting the effects of tDCS, which is non-linear, time-dependent, and coupled system. However, the fact that it is nearly impossible to replicate tDCS induced electric field gradient across even a single hypothetical neuron between species -much less across the entire population of neurons -makes the quasiuniform assumption a technical necessity in translational animal models.
